ABSTRACT This paper demonstrates a 340-GHz band pass filter with a low insertion loss of ∼−0.6 dB and a bandwidth of ∼6%. This paper studies the relationship between filter diaphragm thickness and resonator length, and the quantitative relationship between insertion loss and fabrication tolerances. The diaphragm is quantitatively analyzed and the resonators lengths with correction factors are calculated for the accurate and robust filter parameters, and the simulation results based on calculated parameters show a robust filter structure as well as a good agreement with the theoretical analysis. The surface roughness and filter structure sizes deviation with different tolerances are studied and calculated for insertion loss. Finally, a filter with low insertion loss and good robustness is achieved by calculated parameters and a certain fabrication tolerance. Different fabrication precisions are carried out to verify the effect of size tolerances on the filter performance, including insertion loss and structural robustness. The filters, designed by the parameters analysis and fabricated by ≤ ∼ 7.5-µm accuracy show good agreement between the simulation results and the test results, and when fabricated accuracy is ∼5 µm, the insertion loss is ∼−0.6 dB and the return loss is < −20 dB.
I. INTRODUCTION
There is a growing interest in terahertz components in the frequency from 300 GHz to 10 THz for potential applications in security scanning, atmospheric monitoring, medical imaging and ultrafast wireless communications [1] . Developing terahertz components with high performance is essential in manipulating terahertz waves with well-defined characteristics [2] . In general, design and fabrication are widely studied for terahertz filters. In design methods, these techniques can be roughly divided into three categories: waveguide structure [1] , [3] - [8] , meta-material structure [2] , and frequency selected surface (FSS) [9] - [12] . Due to the advantages of low transmission loss, high power capacity, and suitability for fabrication by the micromachining process, rectangular waveguide structures are widely used for terahertz application [13] , in conventional design method, however, the fabrication accuracy limits to further higher frequencies of filters. Meta material structure filter and
The associate editor coordinating the review of this manuscript and approving it for publication was Feng Lin. frequency selected surface (FSS) filters are good candidates of terahertz filter, which exhibit insertion loss <1 dB at 700 GHz under experimental measurement [11] , [12] . However, due to the simple resonant structure, the stopband rejection of mesh filter is imperfect, and hard to integrate with waveguide module, sensitive to installation and environment. Many different fabrication technologies have been reported in literature, among them three categories have been found: SU8 photoresist-based processes [1] , [14] , LIGA [5] , MEMS (DIRE and ICP) [8] - [10] , [14] , [15] and CNC milling [3] , [4] , [6] . Photolithographic based micromachining technology has attracted growing attention due to its high-dimensional accuracy. For instance, SU8 photoresist technology [16] , [17] affords good dimensional accuracy and at the same time with low capital investment required. MEMS technology provides a high-dimensional accuracy, high achievable structure aspect ratio and capability of large scale inexpensive production, however, the insertion loss of this type filter is not perfect (∼−10 dB [9] , and ∼−3.5 dB [12] ) because of the limitation of structure design and quality factor (Q). In addition, parameters matchings and robustness of parameters are the other main factor affecting the insertion loss. In [3] , [4] , [7] , [22] , and [23] , the structures are designed based on H ladder rectangle waveguide, and the parameters are obtained by equivalent circuit and structural optimization simulation, however, some key parameters have not been well analyzed and calculated, for instance, in [4] , the diaphragm thickness is simply estimated without accurate calculation. And the robustness of parameters [3] , [4] , [12] has not been analyzed, which directly affects the insertion loss of the filter when the low fabrication tolerance occurs. This paper mainly discusses from two aspects: 1) Terahertz filter parameters calculation, the resonators lengths with correction factors were introduced into filter structure calculation, parameters matching and return loss (low insertion loss) in pass band were analyzed, and simulations were carried out to verify the analysis. 2) Insertion loss analysis, the quality factor (Q) and sizes tolerances are discussed and analyzed, different fabrication accuracy is used to verify the analysis results, and it is obtained that the insertion loss is mainly caused by surface roughness and filter structures sizes deviation.
II. FILTER PARAMETERS CALCULATION
Rectangular waveguide filter design is mature, this section does not repeat the design method. In this section, the traditional design method is cited, and this part focuses on the calculation method of diaphragm thickness, the calculation of diaphragm thickness and resonance length. The diaphragm thickness t (100 ∼ 1000 µm) of conventional H-ladder waveguide filter structure (center frequency <30 GHz) has little influence on the filter performances. However, when the frequency is up to 300 GHz, the diaphragm thickness (∼50 µm) has great influence on the filter performances. Moreover, the variation of diaphragm thickness (t) can lead to changes in other parameters (x and P). In order to obtain the accurate parameters (t, x and P) and good performances, the detailed analysis is provided as following. A. THEORETICAL ANALYSIS Fig.1 shows the filter structures, the rectangular waveguide (WR2.8) was used for the filter, the parameters are shown in Fig.1 . Fig.2(a) is the equivalent circuit, which was used for analyzing the relationship between the voltage standing wave ratio (VSWR) and reactance in the reactance discontinuity point, the diaphragm is jB i . The diaphragm is equivalent to the circuit as Fig.2(b) , the relationship between X ai /X bi and S parameters is deduced by ABCD matrix, where Y 0 is admittance of waveguide.
The electric length (φ i ) of diaphragm thickness (t) is expressed as [25] ,
The electric length (θ i ) of resonator length (P) is expressed as,
where, ρ is standing-wave ratio (SWR). Because the diaphragm (t) is about 30-100 µm, it can't be ignored in THz band, the actual electric length (θ i ) of resonator is,
The equivalent resonators length l 1 and l 2 are expressed as,
where, 1 , 2 and 3 are correction factors. Because the diaphragm (t) has great influence on the performance of the filter, the parameter t can't be directly used as the resonance length, which needs to be corrected. Parameters t 1 , t 2 and t 3 are defined as 40 µm, 60 µm and 40 µm, respectively. When diaphragm thickness (t) and gap width (d i = a−2x i ) change, the bandwidth (BW), center frequency (f 0 ) and the coupling coefficient (k i,i+1 ) change accordingly. 
To ensure that there is no reflection in the passband, C 1 , C 2 and C 3 are defined as constants, after that, it is defined that P 1 = 0.44 mm. According to equations (4)- (6), (8) , and (23)-(31), the parameters can be calculated as, 1 = 3.54, 2 = 2.96, 3 = 5.54, P 2 = 0.492 mm, x 1 = 0.17 mm, x 2 = 0.22 mm, x 3 = 0.24 mm.
B. SIMULATIONS ANALYSIS
In order to verify the analysis above, the simulations are carried out. The details are as following: the relative bandwidth (BW) is designed as 6%, the attenuation is ∼ 35dB when the frequency equals to f 0 ·(1±10%), where f 0 is the center frequency (340GHz), the VSWR in passband is designed as 1.02, and four orders resonators were used for the filter. The wavelength of rectangular waveguide (λ g ) is 1.27 mm, λ 0 = 0.882 mm and a = 710 µm. According to analysis (In section ''Appendix''), (B i /Y 0 ) · (a/λ g ) is about 1.09, 4.41 and 9.84, where i equals to 1, 2, and 3, respectively. And according to [22] In addition, in order to verify the effect of size tolerances on the performance, the structure is simulated by increasing or decreasing the parameters based on the calculated parameters. All simulations are carried out by Ansoft HFSS. From the first five groups data, when the P 1 and P 2 are changed by a step of 10 µm, the return loss is >20dB and insertion loss <0.1dB in pass band. From the last six groups data, when the thickness of the diaphragm (t) is changed by a step of 10 µm, the insertion loss is >16dB and insertion loss <0.2dB in pass band. From data groups in the table (4th and 8th, 4th and 11th, 8th and 11th, 2th and 10th), the diaphragm thickness (t) has a great impact on f 0 , BW(bandwidth), S 21 and S 11 . We used to study the influence of parameter t on the performance in previous works, different thicknesses (t) are simulated. When t 2 = 0.06mm, P 1 = 0.44 mm, P 2 = 0.44 mm, P 2 = 0.5 mm (optimized by HFSS), and t 1 (= t 3 ) changes from 0.04 mm to 0.06 mm, the performances are shown in Fig.4 . When t 1 and t 3 increased, the performances (S 11 /S 21 ) deterioration, but f 0 and BW (bandwidth) keep constant.
When t 1 = 0.04 mm, P 1 = 0.44 mm, P 2 = 0.5 mm, t 2 changes from 0.04 mm to 0.06 mm, the simulation results are shown in Fig.5 . In the figure, when t 2 increased, the performance (S 11 /S 21 ) is better than before, and the f 0 and BW (bandwidth) keep constant. The diaphragm thickness (t) affects the S 21 and S 11 , but has no effect on the BW and f 0 . The fillet parameter (R) has certain influence on performances as well. When R changes from 10 µm to 50 µm, f 0 increased, BW decreased. When R increased, f 0 and BW increased, vice versa. The simulation results were shown in Fig.6 . However, the fillet just has a little influence on performance of insertion loss, so the fillet can be used for fine-turning f 0 and BW of the filter.
In summary, the diaphragm thickness (t) is used to optimize the parameters S 21 /S 11 , and the parameter R is used to optimize the parameters f 0 and BW. In addition, in order to obtain low insertion loss and high return loss in the actual situation, besides the above analysis, the parameters matching and resistance loss of the cavity surface need to be studied. This part will be studied in detail in next section.
III. INSERTION LOSS ANALYSIS
When the filter structure parameters are determined, there are two main factors determining insertion loss, quality factor (Q) and filter structures sizes deviation. The quality factor (Q) is determined by surface roughness. The insertion loss is determined by following factors.
a) The insertion loss of ripple is expressed as.
where, ρ r is the VSWR of ripple in pass band. The max ρ r = r Z i /Z o , which is the impedance ratio of the input to output. Because the filter structure is symmetric, ρ r is defined as ∼1.25 [22] , the max insertion loss in pass band is ∼0.065dB. The insertion loss of ripple can be ignored in this paper.
b) The insertion loss caused by quality factor (Q). The quality factor (Q) is caused by surface roughness which is produced by fabrication accuracy. The unloaded quality factor Q u [25] , [26] is determined by Q c (A lossy conductor wall, but a lossless medium filled with the cavity) and Q fab (Caused by fabrication factors, such as metal stroke quality, thickness and roughness) [25] ,
where,
And a, b and l are length, width and height of the cavity, k is propagation constant, η is wave impedance, σ is conductivity (=41,000,000 S/m), R s is surface resistance of metal wall in waveguide, w is frequency, and µ 0 is vacuum permeability, H is space magnetic field, H t is spatial transverse magnetic field, S is inner surface of space, and V is volume in space. The insertion loss that mainly caused by Q fab is determined by surface roughness and metal layer thickness [12] . Fig.7 shows the relationship between surface roughness/metal layer thickness and Q fab . When metal layer thickness is infinity, Q fab decreases with the increase of roughness, when the roughness is greater than 0.7 µm, Q fab drops sharply. When surface roughness is zero,Q fab increases with the increase of metal layer thickness, when the roughness is greater than 7 µm, Q fab is almost up to the maximum. Gold layer (∼ 2.5 µm) is electroplated on the filter surface, however, the surface roughness still exits inside the waveguide and has an impact on the insertion loss. In this paper, the Huray model is chosen to simulate the roughness of the gold layer [12] , [24] . The conductivity of electroplated gold film (3.96 X 10 7 S/m) is less than gold bulk [19] . The height between peak and valley in the surface is h peak−valley , and the max distance between adjacent peaks is d peak . In this paper, the d peak is set as 9.4 µm [24] , and h peak−valley ranges from 100 nm to 700 nm, and the length of the waveguide is 22.12 mm. Fig.8 shows the relationship between the surface roughness and the insertion loss when metal layer thickness is ∼ 2.5 µm. The work in [12] , [24] , and [19] also uses this model to analyze the loss. Another approach to analyze the surface roughness is using the equivalent conductivity which includes the effect of roughness. Fig.9 shows the insertion loss measurement of rectangular waveguide prototype for the WR-2.8 band with 22.12 mm long, the fabrication tolerance is ∼5 µm, the gold layer is ∼2.5 µm. The insertion loss is ∼−0.22 dB at 340 GHz, and >−0.4 dB from 320 GHz to 400 GHz, the test results coincide with the analysis.
c) The insertion loss caused by filter structures sizes deviation.
The deviation of the filter structure size is caused fabrication tolerance. When the quality factor (Q) is determined, the parameters matching is the main factor for the insertion loss. When parameters are determined as:x 1 = 0.17 mm, x 2 = 0.22 mm, x 3 = 0.24 mm, 1 = 1.77, 2 = 1.48, 3 = 2.77, P 2 = 0.492 mm. The CNC fabrication has a characteristic: when one parameter tolerance is ±5 µm, 
is the variation between x and y strictly consistent with the exponential function here? Obviously, the probability is small, because the relationship between x and y is monotonically increasing, and x > 0, we simplify the construction of a function for analysis.
When x ∈ (x 1 , x 2 ), The derivation of y(x)can be obtained.
For different structure filters and different parameter values, the y(x) derivative values can be used to illustrate the robustness of the filter. The smaller the value, the better the robustness. In this paper, the fabrication tolerance is simulated by increasing or decreasing the sizes of the filter structures, and the simulation curves of different fabrication tolerances are obtained by electromagnetic simulation. Because the y(x) function contains six parameters, six mathematical equations can be established by six sets of simulation curves, and the six sets data are chosen from TABLE 2, thus the insertion loss function caused by the tolerances of the filter structures can be obtained. The specific function form is shown below. y = 1.68e
x−3.71
From Fig.8 and equation (14), if ±5 µm fabrication precision was used and when fabrication tolerances are <5 µm, the filter performance changes are not sensitive, and when fabrication tolerances is > ∼±6 µm, this effect on S 21 is beginning to become sensitive. In order to further verify the relationship between all dimensional deviations and insertion loss, Fig.11 shows the filter simulation results in different fabrication tolerances with no surface roughness, when there are no fabrication tolerances, the performance is the red curve in the figure, the insertion loss is > −0.1dB, and return loss is ∼ < −25dB. When fabrication tolerances are 8.5 µm, the return loss is < −18 dB, and insertion loss is > −0.75dB, when fabrication tolerances is 12 µm, the return loss is < −14 dB, and insertion loss is ∼−2 dB. And these results validate the results of the above analysis.
Because there are two main factors that determine the insertion loss of filter: 1) fabrication factors: Q value caused by fabrication, and dimension error caused by fabrication, 2) filter structure parameters, matching relationship between design parameters (S 11 value). When the fabrication tolerance is determined, If the insertion loss of the filter (|S 21 |) is to be reduced, only the filter parameters can be reasonably designed to make S 11 small enough. For instance, when S 11 is less than -20 dB, the insertion loss (|S 21 |) will be small enough, and if S 11 is greater than -10 dB, the insertion loss (|S 21 |) will be larger.
Section II.A provides parameters calculation method. The filter parameters obtained from the above calculation method can make the parameters match in the required frequency band, so as to ensure more energy passing through without reflecting back, making S 11 smaller, and thus obtaining lower return loss (S 11 ). In this way, a lower insertion loss (|S 21 |) can be obtained. However, to further reduce insertion loss (|S21|) on the basis of the above, it is necessary to modify the relationship between the parameters C 1 , C 2 and C 3 and relationship between the parameters 1 , 2 and 3 in Formula (6) and (8) to obtain smaller return loss (S11) and achieve lower insertion loss (|S21|).
IV. FABRICATION AND RESULTS ANALYSIS
In order to verify the insertion loss analysis in section III, three kinds of fabrication accuracy are selected for the filter, which are ∼5µm, ∼7.5µm and ∼15 µm respectively.
A. FABRICATION PROCESS AND MEASUREMENT SETUP
The high precision CNC milling process was used for filter fabrication, and copper blocks were utilized as substrate material. The WR-2.8 rectangular waveguide (0.71 mm × 0.355 mm) was used for the filter. Two half structures were bonded by screws, and the waveguide components are combined by two identical halves in E-plane. The CNC process with different fabrication accuracy was employed for filter fabrication. Two blocks copper with a thickness of 10 mm are chosen as the top and bottom substrates. The copper blocks are polished. After the structure models are established with detail parameters, the structures are fabricated by CNC process. Then the structure is electroplated with 2.5 µm gold. Next, two fabricated half structures are bonded together by pins and screws. Fig.11(a) show the filter structures, the flanges were designed and fabricated integrally, Fig.12(b) shows the fabricated filter. The measurement is carried out by Agilent vector network analyzer (VNA) av3672b, and control module is av3640a with two frequency extenders av3649. The trough-reflectline (TRL) calibration is used during the measurement. The flanges (WR-2.8 UG-387/UM) on the extenders were used to connect the test fixture and fixed by screws, and the measurement setup connector is WR-2.8 waveguide.
B. MEASUREMENT RESULTS
In order to compare the difference among simulation results with no fabrication tolerance, simulation results with fabrication tolerances, and measurement results with different fabrication tolerances. The fabricated filters are shown in Fig.13 , six filters were fabricated in different accuracy, which were used to verify the effect of accuracy. The fabrication accuracy in No. 1 is ∼15 µm, No.2-4 is ∼ − 7.5 µm, No.5 is ∼ 7.5 µm, and No. 6 is ∼5 µm(test by metallurgical microscope). Because the consistency of CNC fabrication tolerances, when the fabrication tolerance is ∼ x µm, all fabricated structures will decrease x µm, and this feature will be used in simulations with x µm tolerances. However, the thickness and spacing of diaphragm are smaller than simulation structures, and the matching between resonators is worse than simulations, the bandwidth becomes wider and the S 21 /S 11 becomes worse. The insertion loss in Fig.14 is caused by the parameters mismatching and surface roughness (∼700 nm). According Fig.7-8 , when fabrication tolerance is ∼15 µm, ∼2.5dB insertion loss is caused by parameters mismatching, and the remaining ∼1.5dB (insertion loss) is mainly produced by surface roughness and test errors. Fig.15 shows three groups of performance, simulation results with no fabrication tolerances, simulation results with ∼±7.5 µm, and measurement results. The measurements results show a good agreement with simulation results with ∼±7.5 µm, and some differences with simulation results with no fabrication tolerances. The fabrication tolerances make the resonator unit size become smaller/bigger, which results in the center frequency increasing/decreasing. The insertion loss in Fig.15 is ∼ 1.5 dB, including ∼ 0.7 dB caused by parameters mismatching and ∼ 0.8 dB mainly produced by surface roughness (∼ 300 nm) and test errors. In Fig.16 , the measurement results show a good agreement with two groups simulation results. The fabrication tolerance is ∼ 5 µm tested by metallurgical microscope. The simulation with ∼ 5 µm tolerances is carried out, which has a perfect coincidence with measurement results. Fig.16(b) shows the expanded view of S 21 , which show ∼−0.6 dB of measured result in passband. The insertion loss is ∼0.6 dB, including ∼ 0.4 dB caused by parameters mismatching, and ∼ 0.2dB produced by surface roughness (∼ 200 nm) and test errors. Therefore, the RF performance differences is very small when the fabrication tolerances are 5 µm. In addition, the filter has a good insertion loss under this fabrication tolerances and good parameters matching design. The performance will not change greatly under 5 µm fabrication tolerances. When the tolerances are larger than 7.5 µm, the performance will change greatly.
In order to compare the fabrication tolerances influence on the simulation results and test results, the simulation and measurement sizes of filter structures are shown in the table 3, the filter sizes are tested by metallurgical microscope, and the detail comparison of simulation and measurement results are shown in the table 4. It can be seen from the above measurement results that the influence of tolerances on performance is reflected in insertion loss, center frequency point and bandwidth. According to the test and simulation results, the total insertion loss of the filter is consistent with the analysis in section IV. By comparing the above results, it can be found that: 1) the simulation results with quantitative simulation tolerances are almost identical with the test results with corresponding fabrication tolerances.
2) The insertion loss of the filter is mainly composed of the parameters mismatching and the surface roughness, which is basically consistent with the analysis results of Fig. 8 and Fig. 10 .
C. DISCUSSION
When fabrication tolerances increased (∼−5/−7.5/−15 µm), f 0 increases. The reason is that the scale of filter structures are too close to the tolerance. The reason of the change in bandwidth is as following: the ABCD matrix of the filter is used for S 21 , two equivalent transmission line matrix is expressed as,
And the total matrix is, A = A 1 ·A 2 ·A 2 ·A 1 .
The insertion loss is expressed as equation (17), in order to obtain the −3 dB cut-off angular frequency (w cn ), the equation (17) equals to 1/ √ 2.
The equivalent electric length is expressed as (18)- (19) , the equation (18) is calculated from (17) .
where, c is the speed of light, and l = 2(l 1 + l 2 ) = 2(P 1 + P 2 + 1 · t 1 + 2 · t 2 + 3 · t 3 ). The −3 dB cut-off angular frequency (w cn ) is obtained from (18)- (19), and expressed as,
And the bandwidth is expressed as,
In order to further illustrate the impact of fabrication tolerances on BW, the drift rate (r) used to indicate the impact of the fabrication tolerance on BW, the equation is as following,
where, l is equivalent length tolerance. From the equation (22) , when fabrication tolerance is negative, l is a positive number, and then the filter size (l) increase, according to (21) , BW decreased, vice versa. It is generally believed that diaphragm t is (1/30) · P or less [22] , which has no effect on the structure. If the thickness is greater than that, the diaphragm t will affect the resonant frequency and RF performance. This study presents relationships among parameters t, d and P. However, the calculated parameters have some differences with the final simulation results, the reasons are as following: SWR is required small enough in a certain bandwidth range, and t is inversely proportional to d, in order to simplify the calculation, two assumptions (C 1 = C 2 = C 3 , and equals to constant) are made for fine-tuning the filter structure. However, there are a little difference among C 1 , C 2 and C 3 , and the parameter P are used to fine-tune in simulation, so there are some differences.
In addition, we comment that various micromachining methods for realizing filters show higher insertion loss than the CNC-milled based demonstration they describe in the paper, which does not mean that the CNC process is superior to other methods or that the loss due to the CNC process is reduced, for example, in reference [3] , CNC process with 5 µm fabrication tolerance was used for 340 GHz bandpass filter (bandwidth is 6%), however, the insertion loss is ∼2.5 dB. There are two main factors determining insertion loss, quality factor (Q) and the structure robustness.
The Q value is determined by surface roughness. When the fabrication tolerance is determined, the insertion loss caused by Q is determined. According to Fig.8 and Fig.14-Fig.16 , we can find that the structure robustness is determined by parameters matching. For instance, when fabrication tolerance is ∼5 µm, the insertion loss caused by Q is ∼0.2 dB, and caused by parameters mismatching is ∼0.4 dB. When fabrication tolerance is ∼15 µm, the insertion loss caused by Q is ∼1.5 dB, and caused by parameters mismatching is 2.5∼3 dB. Some of the high precision micro-machined filters do not have a good insertion loss, mainly because the structural parameters are not well calculated and coordinated.
To compare the proposed filter in this study and reported THz filters, Table 5 shows recently published THz waveguide filters, FFS filters, and mate material filters. The proposed filter serves as bandpass filters with a low insertion loss which is comparable to the filter's performances [3] - [20] . The proposed filter provides high Q and return loss in pass band that are competitive with those of filters [3] - [15] . In other words, the proposed filter can have both the advantages of a high-quality factor, a low insertion loss and high return loss of passband. It is observed that the previously published filters could not provide such filter with low insertion loss, high return loss. Compare with the bandpass filters with the same center frequency, rectangle waveguide and CNC milling in [3] , the filter in this study shows a much better performances than performances in [3] . When compare with [11] and [12] with almost same center frequency and band width, the differences are fabrication and filter structures, the proposed filter in this study shows a lower insertion loss and a higher return loss in pass band. These advantage features of proposed filter will be useful for many system applications, such as, communication system and microwave detection system.
V. CONCLUSION
This paper presents a 340GHz band pass filter with insertion loss of ∼ −0.6dB and band width of ∼ 6%. The filter was designed based on a rectangle waveguide of WR2.8, and fabricated by computer numerical control (CNC) milling process. The diaphragm thickness is quantitatively analyzed to obtain the accurate filter parameters by equivalent circuit and diaphragm coupling, the simulation results based on calculated filter parameters show that diaphragm thickness has great influence on the filter performance. Meanwhile, the relationship between fabrication tolerance and insertion loss was studied and a quantitative mathematical model is given for the first time. Based on the above analysis, the filter parameters were obtained. Different fabrication accuracy, carried out from 5 µm to 15 µm, was used for validating the influence of different CNC fabrication accuracy on the performance of filters. The test results show a good agreement with the theoretical analysis and simulation results. The filter also shows an excellent performance when compared with other filters performance from the current literature reports.
APPENDIX
In Fig.2(a) , the parameters are defined as,
where, B i = − jX bi 2X ai X bi +1 where, B i is the junction susceptance and produced by diaphragm parameters (t and x). Y i is the characteristic wave admittances of the waveguide sections, and produced by resonator (P).
The reflection coefficient in the equivalent circuit is,
The formula can be expressed as,
In this study, we defined that all Y i are all equal, so h i = 1. There is a formula as following.
In order to calculate the electrical length of adjacent coupling reactance, the individual discontinuous reactance is analyzed from Fig.2(b) . Fig.2(c) is the equivalent circuits of the H-ladder waveguide bandpass filter (n = 4), the resistance of the filter is ignored for better calculation, since the resistance of the waveguide is <0.1 . Because the discontinuity reflection coefficient is a pure imaginary number, the electrical length can be obtained by following equations,
The parameters P, t, and x in Fig.1 are determined by equations (23)-(27). The order impedance of every diaphragm can be checked in [22] 
The wavelength of rectangular waveguide is expressed as,
